Background-Deep brain stimulation (DBS) of the subcallosal cingulate (SCC) is an emerging experimental therapy for treatment-resistant depression. New developments in SCC DBS surgical targeting are focused on identifying specific axonal pathways for stimulation that are estimated from preoperatively collected diffusion-weighted imaging (DWI) data. However, brain shift induced by opening burr holes in the skull may alter the position of the target pathways.
Introduction
Deep brain stimulation (DBS) of the subcallosal cingulate (SCC) is an emerging experimental therapy for treatment-resistant depression (TRD) [1, 2] ; however, the therapeutic target of the stimulation remains under investigation. Recent attempts to identify the surgical target for SCC DBS have focused on axonal pathways in the SCC region, given their greater relative electrical excitability compared to other neural tissues [3] . Anatomical tract tracing studies [4] and gross dissection [5] have identified a wide range of white matter (WM) pathways that might be associated with the therapy. In the context of human SCC DBS patients, some of those pathways can be noninvasively estimated using tractography derived from diffusion-weighted imaging (DWI) [6] [7] [8] . Tractography-based pathway estimates can then be coupled to electrical models of DBS to simulate axonal activation during therapy delivery [9] . The concepts of DBS model predicted pathway activation have been retrospectively applied to the analysis of a large number of patients and showed that direct stimulation of four WM pathways (forceps minor, uncinate fasciculus, cingulum bundle, and fronto-striatal fibers) are critical for efficacy [10] and behavioral response to SCC DBS [11] . Based on these finding, prospective patient-specific surgical targeting for SCC DBS electrode placement has recently evolved to use a "tractography blueprint" [10] . This new connectomic targeting approach has shown promise for improving clinical outcomes from SCC DBS [12] . However, brain shift is a known issue in DBS surgical procedures and it is unknown how brain shift might impact the accuracy of connectomic targeting strategies.
Independent of the surgical target or clinical therapy under consideration, the accuracy of DBS electrode placement is widely acknowledged to be a key determinant of clinical response. Unfortunately, numerous factors combine to limit DBS surgical accuracy including ambiguous definition of the target, lack of optimal imaging methods to visualize the target, and mechanical tolerance of stereotaxis. In addition, direct DBS targeting methods commonly assume that the brain does not move relative to the skull. However, numerous clinical studies have documented that brain shift does occur during DBS surgery [13] [14] [15] [16] . Brain shift results from a range of factors that can include: loss of cerebrospinal fluid (CSF), intracranial pressure drop, gravitational forces, and pressures created by pneumocephalus. These factors can alter the actual location of the preoperatively defined surgical target [17] [18] [19] . The magnitude of brain shift can range from 0-10 mm throughout the entire brain, but is typically only on the order of 0.5-1.0 mm in the basal ganglia where most DBS electrodes are placed. However, prefrontal cortical structures commonly deflect by several millimeters and these larger shifts in the more anterior aspects of the brain may have important implications for SCC DBS targeting.
The goal of this study was to quantitatively evaluate the magnitude and direction of brain shift that occurs during SCC DBS surgery. We analyzed this problem using an extensive database of imaging datasets acquired at multiple time points along the course of SCC DBS therapy in 15 patients. In addition, we evaluated how the variance in electrode position impacted the pathway activation predictions used in the new SCC "tractography blueprint" connectomic targeting method.
Material and Methods
This study combines a unique patient population with extensive imaging datasets that includes preoperative and postoperative MRI, as well as postoperative CT, each acquired at different time points in the therapy. The images were integrated together within a custom software tool, StimVision [20] , to evaluate changes within the context of the stereotactic neurosurgical coordinate system. Our goal was to quantify the variance between the preoperatively planned electrode placement, the near-term postoperative placement, and the actual long-term postoperative location.
Ethics statement
The collection and analysis of all patient data used for this study was approved by the Emory University IRB and conducted under FDA IDE: G060028 and G130107.
SCC DBS subjects
Fifteen patients with severe, chronic TRD from two consecutive DBS study cohorts underwent stereotactic implantation of bilateral electrodes (Cohort 1 (n = 9): Libra system, St. Jude Medical (now Abbott Neuromodulation, St. Paul, MN), and Cohort 2 (n = 6): Activa PC+S with 3387 electrodes, Medtronic, Minneapolis, MN) into the SCC region. The inclusion and exclusion criteria are described in a previously published study [21] . Patients were required to be depressed for at least 12 months in the current depressive episode with a minimum Hamilton Depression Rating Scale severity (HDRS-17) of 20, failed at least 4 antidepressant treatments, and have no significant psychiatric comorbidities (Table 1) . Clinical outcome was assessed after 24 weeks of stimulation using the HDRS-17. Remission from their depression symptoms was defined as a score of 7 or less on the HDRS-17 at 24 weeks.
The combination of tractography and anatomical image-guided stereotactic targeting methods [10, 11] were used to identify the preoperative surgical target location. Lead implantation was performed using a CRW stereotactic frame system (Integra, Plainsboro, NJ) and assisted by a surgical planning workstation (SteathStation S7, Medtronic Inc., Louisville, CO). To minimize cerebrospinal fluid leaks, the fibrin sealant TISSEEL was applied in the burr hole. The left electrode was always implanted first. Mean operation time for bilateral implantation of SCC DBS was 513.8 ± 93.2 minutes.
Imaging data acquisitions
Preoperative MRI data were collected using a research-dedicated Siemens 3-Tesla Trio Tim scanner (Siemens Medical Solutions, Malvern, PA) with maximum gradient strength of 40 mT/m at Emory University. High-resolution structural 3D T1-weighted images were acquired using magnetization-prepared rapid gradient echo imaging (MPRAGE) sequence with following parameters: 176 slices, 1×1×1 mm 3 , TR/TE = 2600ms/3.02ms, flip angle = 8°. Two different DWI protocols were used to generate the data used in this study. The SJM patients (Cohort 1) were imaged using a single-shot spin-echo planar sequence (n = 9) with 12-channel head coil using the following parameters: 60 non-collinear directions with four non-diffusion weighted images (b=0); b value = 1000 sec/mm 2 ; voxel resolution = 2×2×2 mm 3 ; number of slices = 64; matrix = 128 × 128; TR/TE = 11300/90 ms. The MDT patients (Cohort 2) were imaged using a multi-band accelerated echo planar sequence (n = 6) with 32-channel coil using following parameters: 128 non-collinear directions with 11 nondiffusion weighted images (b=0); b value = 1000 sec/mm 2 ; voxel resolution = 2×2×2 mm 3 ; number of slices = 64; matrix = 128 × 128; TR/TE = 3292/96 ms; multi-band acceleration factor = 3 [22] . To compensate for susceptibility-induced distortion artifacts, all diffusion data were acquired twice with two opposite phase encoding directions such as anterior to posterior and posterior to anterior [23] .
Preoperative stereotactic frame structural 3D T1-weighted MPRAGE images were collected in all subjects using a 1.5-Tesla Siemens Magnetom Avanto scanner with Luminant localizer frame (CRW systems, Intergra) for surgical planning on the morning of surgery: 176 slices; 1×1×1 mm 3 ; TR/TE = 1910ms/3.51ms, flip angle = 15°. Postoperative MRI (near-term) and CT (long-term) images were collected one day and three weeks after the surgery, respectively, to calculate the brain shift and identify electrode location. Postoperative structural 3D T1-weighted MPRAGE images were acquired using the same imaging protocol as the preoperative frame image. High-resolution CT images were collected using Speed light GE with resolution of 0.46×0.46×0.65 mm 3 .
Imaging data processing
Both preoperative and postoperative structural T1-weighted images were preprocessed using FSL_anat tool in FMRIB Software Library (FSL) (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) for skull stripping, RF/B1 inhomogeneity correction, tissue-type segmentation, and registration to standard space [24] . DWI data underwent simultaneous eddy current and motion collection with Topup and Eddy tools to compensate eddy current-induced distortion and subject movements [25, 26] . Preprocessed DWI data were loaded into TrackVis (TravkVis.org) software for deterministic tractography and Fdt toolkit (FMRIB Software Library) for probabilistic tractography analysis [24, 27] .
All imaging data were aligned to the stereotactic frame structural T1-weighted image to assess brain shift. An affine linear registration method (3dAllineate tool, AFNI: https:// afni.nimh.nih.gov) was used for alignment with following parameters: degree of freedom = 9 and normalized mutual information [28] . The aligned images were visually inspected and loaded into StimVision software for quantitative brain shift analysis and visualization ( Figure 1 ) [20] .
Imaging data analysis
The 3D coordinates of three control points--the anterior commissure (AC), the posterior commissure (PC), and the frontal pole (FP)--were defined independently by two authors (KSC and PRP) on the planned and near-term structural MR images and then averaged. The FP coordinate was selected based on the largest volume of pneumocephalus in the sagittal view of the 3D image regardless of hemisphere. The brain displacement of AC, PC, and FP between planned and near-term images was calculated separately as left -right, anteriorposterior, and superior -inferior.
Any pneumocephalus identified in the postoperative MRI was manually segmented using the FSL view toolkit (FMRIB Software Library). Due to poor tissue contrast in the postoperative CT image (long-term), only the near-term structural MR image was used for evaluating the pneumocephalus volume. Left and right volumes were calculated separately and statistically compared.
Electrode contact displacements along the path of planned, near-term, and long-term trajectories were calculated using StimVision [20] . The 3D coordinates of the chronic stimulation contact (generally the second or third most distal contact), which in all cases was also the contact used to define the planned target point in preoperative targeting, was measured: left -right (x), anterior -posterior (y), and superior -inferior (Z).
An important assumption in new tractography-based DBS surgical targeting strategies is that the target point does not move over the course of the surgery, and/or any brain shift that does occur does not alter the anticipated pathway activation profile. To evaluate the potential impact of this assumption, we performed seed to target probabilistic tractography analyses (probtrackx2, FMRIB Software Library) [24] using electrode locations that corresponded to the planned, near-term, and long-term locations in each hemisphere of each patient. The seed was defined as the volume of tissue activated (VTA) by monopolar stimulation, frequency = 130Hz, pulse width = 90μsec, and current = 6mA from established models [29] available in StimVision [20] . The VTA was centered on the contact on the DBS lead used for chronic stimulation. The 4 probabilistic tractography target ROIs were frontal pole (forceps minor and uncinate fasciculus), ventral striatum (fronto-striatal fibers), rostral anterior cingulate cortex (cingulum bundle), and amygdala (uncinate fasciculus) [10] (target ROIs shown in supplementary figure 1). Five thousand streamlines were sent out from each voxel in each VTA (n = 90, left and right VTAs × 15 subjects × three time points) and the total number of streamlines that intersected each ROI was counted. Lastly, a pathway activation (structural connectivity) connection was calculated using the number of streamlines that connected between the VTA and ROI divided by the total number of streamlines that were sent out from the VTA.
Statistical Analysis
Descriptive statistics were calculated for each brain shift measurement. For the statistical comparisons of brain shift at multiple time points, a Wilcoxon Signed-Rank test was performed on the anatomical control points, electrode and contact location, and pathway activation connection changes. The correlation between operation time and the extent of brain shift (anatomical shift, pneumocephalus volume, electrode shift, and pathway activation changes) were analyzed using Spearman Rank correlations. The effect of brain shift with clinical outcomes was evaluated by sorting patients into two groups, remitters (HDRS-17 ≤ 7 at 24 weeks) or nonremitters (HDRS-17 > 7 at 24 weeks) [12, 21] and differences in mean brain shift measurements were tested with a Mann-Whitney U Test.
Results
Brain shift from SCC DBS surgery was assessed on fifteen subjects at multiple time points in their DBS therapy using various measurements including anatomical control points, pneumocephalus volume, electrode location, and pathway activation changes. Significant brain shift was recorded in the frontal pole, which was accompanied by pneumocephalus, in all near-term images. Displacement of electrode locations from the planned stereotactic target site was observed in the anterior and superior directions on both near-term and longterm images. DBS electrodes implanted in the right hemisphere were generally more displaced than those in the left hemisphere. The long-term tractography-based connectivity between the electrode and the ventral striatum decreased compared to the plan, but increased for the frontal connectivity. We did not find a significant relationship between the operation time and brain shift measurements. However, the pathway activation predictions of the remitters after 24 weeks of DBS showed less variance from the planned pathway activation predictions, for both the near-term and long-term, than the nonremitters.
Anatomical control point variance
Three control points (AC, PC, and FP) from each patient were recorded and averaged in the preoperative (planned) and postoperative (near-term) structural images ( Figure 2 ). We did not observe significant brain shift in the AC or PC points (Figure 2 . C, D). However, significant brain shift was measured in the FP (Figure 2 . E). The direction of the FP brain shift was posterior and inferior, coinciding with expected effects of gravity. The range of FP shift was 0 -5 mm with an average of 2.2 ± 1.56 mm.
Pneumocephalus volume variance
The pneumocephalus volume was manually segmented and calculated in each subject ( Figure 3A-C) . The total, left, and right hemisphere volume were recorded separately and compared. The total mean pneumocephalus volume was 1770 ± 1185 mm 3 . The left and right volumes were 528 ± 679 mm 3 and 1239 ± 1101mm 3 , respectively. The right volume was significantly larger than the left (p < 0.05 Wilcoxon Signed-Rank test) ( Figure 3D) . Notably, the right side was always the second to be implanted.
Electrode location variance
The 1-day postoperative (near-term) and 3-weeks postoperative (long-term) electrode locations were compared to the preoperatively targeted (planned) electrode location (Wilcoxon Signed-Rank test p < 0.05) and summarized in Table 2 . Significant displacement in the anterior direction was observed in the left hemisphere on the long-term images (mean shift = 1.02 mm) relative to both the planned and near-term images (mean shift = 0.43 mm) ( Figure 4A ). In addition, significant displacement of the electrode in the right, anterior, and superior directions was noted in the right hemisphere in the long-term images (mean shift = 1.47 mm) relative to the right planned and near-term location (mean shift = 0.99 mm) ( Figure 4B ). The magnitude of electrode displacement relative to the preoperative plan was generally greater in the right hemisphere (second operated side) than in the left hemisphere ( Figure 4C, D) .
Pathway activation variance
For visual reference, we examined the pathway activation patterns generated by the VTAs associated with the planned, near-term, and long-term electrode locations using deterministic tractography ( Figure 5A-C) . For quantitative assessment, we evaluated the changes in pathway activation patterns using probabilistic tractography. We found a significant reduction of pathway activation connection to the ventral striatum in both left and right hemispheres, primarily due to electrode displacement in anterior and superior directions ( Figure 5D , E). In contrast, pathway activation connection between the electrode contact and frontal pole was increased at the long-term electrode location relative to the preoperative plan, but only in the right hemisphere ( Figure 5E ). These displacements resulted in a 3.6% decrease in pathway activation between the electrode and the ventral striatum, but a 2.7% increase in the frontal pole connection, compared to the plan. Despite these variations, the overall pathway activation pattern maintained the intended SCC DBS "tractography blueprint" [10, 12] at each of the available time points.
Brain shift and clinical outcomes
We examined the correlation of the operation time with the various brain shift measurements. No significant relationship was found. However, we did find significant differences in the pathway activation changes over time between remitters and nonremitters (Mann-Whitney U Test p < 0.05). Nonremitters had significantly larger net changes in their pathway activation connection in both the near and long term relative to the initial plan. (Figure 6 )
Discussion
This study quantified the impact of brain shift on SCC DBS therapy, and represents the first brain shift study to focus on a neuropsychiatric DBS target. Given that the most common neuropsychiatric DBS targets are located at the confluence of a combination of multidirectional white matter pathways (e.g. ALIC, MFB, SCC) [1, [30] [31] [32] , we were motivated to determine if such targets are more or less susceptible to brain shift deviations than basal ganglia or other subcortical grey matter DBS targets. We noted five main findings from this study. First, the frontal pole shifted by an average of 2.2 mm in the near-term images. Second, frontal pole shift was confirmed by pneumocephalus volume analysis. Third, we found significant anterior and superior displacement of the electrode, relative to the preoperative plan, which coincided with the anatomical brain shift. Fourth, DBS pathway activation patterns were altered as a consequence of the electrode displacement. Lastly, nonremitters from 24 weeks of chronic stimulation showed significantly greater changes in their DBS pathway activation patterns from their electrode displacements, compared to remitters.
The results of this study highlight an important caveat for the rapidly expanding application of tractography in DBS research. Fundamental assumptions on the stability of a predefined target point in the brain are susceptible to error when faced with the realities of intracranial surgery. Therefore, while connectomic-based scientific analyses and surgical targeting strategies have potential to advance the field and improve outcomes, they are still bound by the basic mechanical and structural limitations of DBS surgical targeting. For example, recent analysis suggests that ~15% of implanted DBS leads for Parkinson's disease need to be revised due to misplacement [33] . In turn, there is great need to not only improve our ability to identify the target on a patient-specific basis, but also deliver the electrode to that target point with greater accuracy. In attempts to achieve that goal, we have used connectomic analyses to define a novel targeting strategy for SCC DBS [10] , and demonstrated that using it can potentially improve outcomes [12] . However, the results of this study show that substantial variance in the procedure remains.
The SCC region is especially well-suited to the application of connectomic-based surgical targeting strategies because the therapeutic electrodes are explicitly located in large white matter pathways. In turn, the inherent limitations of DWI data and tractography analyses [34] are somewhat minimized given the strong anisotropy of the region and robust ability to reconstruct the pathways of interest [7] . As a result, even with the electrode displacements we observed, the pathway activation variance was relatively moderate and still capable of generating the desired clinical effect in most patients [12] . So while brain shift is likely larger in the SCC (~2 mm), compared to the basal ganglia (~1 mm), the relative clinical impact on limiting stimulation of the targeted neural elements appears to be comparable [19] .
Brain shift in other neuropsychiatric DBS targets has yet to be assessed. Therefore, it is currently unknown if electrode displacement effects are different for WM targets of different sizes or anatomical complexity (i.e., the medial forebrain bundle [30] versus the anterior limb of the internal capsule [31, 32] ) or for small gray matter targets adjacent to anterior or posterior midline CSF spaces (i.e., the nucleus accumbens [35, 36] and lateral habenula [37] ). Regardless of the target, understanding the interaction between brain shift and tractographic mapping for any connectomic targeting strategy is an important consideration for improving surgical precision and maximizing the likelihood of good clinical outcomes.
This study attempted to address potential targeting errors associated with brain shift during SCC DBS surgery. We relied on the largest single institution collection of SCC DBS patients currently available, but the total number of subjects was still relatively small. In addition, we elected to pool data from different studies using different imaging paradigms and different DBS systems. However, we deemed those limitations as acceptable because the fundamental features of brain shift, and the general ability to measure it, should be independent of those issues. For example, we did not see any symmetric differences in brain shift between the two cohorts (SJM and MDT). Nonetheless, numerous technical issues, primarily associated with image registration methods, can introduce unwanted variance into the analysis. Our results are undoubtedly impacted by registration errors, which are typically estimated to be on the order of 1mm [38, 39] . In attempts to minimize these errors, we relied on advanced registration algorithms that are commonly used in brain imaging research [28] . However, a potentially bigger issue is our assumption that the pre-operative DWI data is representative of the post-operative state. It is currently unknown how white matter pathways, or their tractographic reconstructions, might move in response to brain shift, or how that movement might resolve with a newly implanted DBS electrode nearby. Such questions highlight the need for future studies addressing brain shift using intraoperative MRI data collection [19] , as well as longitudinal documentation of electrode locations at multiple time points over the first few days and/or weeks after surgery.
It should also be noted that the experimental SCC DBS cases analyzed in this study consisted of especially long intraoperative procedures. This was done for behavioral and electrophysiological testing purposes [11] . We acknowledge that shorter procedure times and/or alternative surgical practices (e.g. burr hole size, dura management, cannula placement) could have potentially helped to limit the brain shift we observed. Therefore, if SCC DBS evolves from an experimental procedure to a more common clinical therapy, several procedural alterations could be considered to help compensate for the anticipated brain shift. In addition, the growing availability of more versatile DBS devices that provide directional electrodes and allow for current steering between different contacts, may help attenuate the potential confounds of brain shift on electrode displacement and subsequent impact on therapy optimization.
Conclusions
Significant brain shift during bilateral SCC DBS electrode implantation was observed in the frontal pole, which was associated with larger pneumocephalus volumes, especially on the right hemisphere (second operated side). This brain shift contributed to electrode location displacement in the anterior and superior directions that subsequently resulted in alternations to the DBS pathway activation predictions from the preoperative plan. These results highlight an important caveat when evaluating tractography-based DBS targeting strategies, as brain shift might play a role in limiting the ability to precisely stimulate the targeted pathways of interest. No significant brain shift was noted at the AC or PC for SCC DBS surgery. However, significant brain shift was measured in FP. The mean brain shift in FP is 2.2 ± 1.56 mm and max displacement was 5mm. Changes in pathway activation with brain shift in SCC DBS. Demonstration of pathway activation changes using deterministic tractography in A) Planned electrode location, B) Near-term electrode location, and C) Long-term electrode location. Red arrow indicates an increase of FP connection and Green arrow indicates a reduction of vSt connection. The pathway activation between VTA and each target region of interest (frontal pole: forceps minor and uncinate fasciculus, rostral ACC: cingulum bundle, ventral striatum: frontostriatal fiber, and amygdala: uncinate fasciculus) was calculated using a probabilistic tractography and compared among planned, near-term, and long-term. D) Comparison of changed in pathway activation with planned (blue), near-term (red), and long-term (green). The pathway activation of the vSt connection was significantly reduced in both left and right hemisphere due to electrode displacement in anterior and superior directions. Significant increases in pathway activation to the FP connection was recorded in right hemisphere for the long-term data. Abbreviations; FP: frontal pole, rACC: rostral anterior cingulate cortex, vSt: ventral striatum, Amg: amygdala, *: p < 0.05 in Wilcoxon Signed-Rank test. Table 2 Electrode contact displacements (mm) along the path of planned, near-term, and long-term trajectories. The 1day postoperative (near-term) and 3-weeks postoperative (long-term) electrode locations were compared to originally targeted (planned) electrode location (Wilcoxon Signed-Rank test p < 0.05) 
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